Rickettsia tsutsugamushi, the etiological agent of scrub typhus, persists in recovered mammalian hosts after overt signs of the disease have disappeared (8, 13, 21, 23, 24, 28) . The importance of circulating antibody in host immunity during either the acute or persistent phase of scrub typhus is unknown. Protection of mice against death from acute infection has been accomplished experimentally by the transfer of immune serum (3, 4, 9, 17, 19, 20, 25) and by T lymphocytes (6, 17, 20) . The in vivo neutralizing capacity of immune serum from convalescing or hyperimmunized animals has been utilized in the analysis of R. tsutsugamushi antigenic variants (4, 9). A series of such studies has demonstrated that serum protection of mice from an otherwise lethal dose of scrub typhus rickettsiae is quite specific, and it has been possible to define several different strains of R. tsutsugamushi by testing the extent of cross-reactive protection by immune sera.
Rickettsia tsutsugamushi, the etiological agent of scrub typhus, persists in recovered mammalian hosts after overt signs of the disease have disappeared (8, 13, 21, 23, 24, 28) . The importance of circulating antibody in host immunity during either the acute or persistent phase of scrub typhus is unknown. Protection of mice against death from acute infection has been accomplished experimentally by the transfer of immune serum (3, 4, 9, 17, 19, 20, 25) and by T lymphocytes (6, 17, 20) . The in vivo neutralizing capacity of immune serum from convalescing or hyperimmunized animals has been utilized in the analysis of R. tsutsugamushi antigenic variants (4, 9) . A series of such studies has demonstrated that serum protection of mice from an otherwise lethal dose of scrub typhus rickettsiae is quite specific, and it has been possible to define several different strains of R. tsutsugamushi by testing the extent of cross-reactive protection by immune sera.
By the same token, a strain-specific neutralizing activity in hyperimmune or convalescent immune sera also has been shown in infected cell cultures (1, 16). The manifestations of antiserum-altered infection analyzed in vitro were the diminution of rickettsia-induced cytopathic effects in BS-C-1 cells (1) and plaque reduction in irradiated L cells (16) , both of which represent the culmination of several cycles of rickettsial replication resulting in cytopathology. In a preceding study, Cohn et al. (7) were unable to detect antiserum-mediated inhibition of an early event in rickettsial infection, namely, the initial attachment/penetration of R. tsutsugamushi into suspended MB III cells.
Important as these investigations have been, they shed little light on the mechanism of the neutralization or in fact on which stage of the infection cycle is inhibited. The present study addresses these points. The results indicate that immune serum prevents the entry of R. tsutsugamushi into cultured cells by a means other than direct killing of the organisms.
MATERIALS AND METHODS
Rickettsia. R. tsutsugamushi Gilliam was used at the 143rd egg passage level. The plaque-purified Karp strain was obtained from J. Osterman, Walter Reed Army Institute of Research, Washington, D.C., and prepared as 20% (wt/vol) suspensions in brain heart infusion broth. Plaque assays of infectivity were done in a chicken embryo cell monolayer culture (with 2.5% fetal calf serum in the agarose overlay) by the modified (14) method of Wike et al. (29) , except that agarose feeder layers were added at days 7 and 14, and plaques were counted on day 19 . Rickettsial bodies (RLB) were counted by the method of Silverman et al. (22) . The rickettsial seed suspension used contained an 342 HANSON retarded the sedimentation of most of the yolk material. To accomplish this, the infected yolk sac suspensions were diluted two-to fourfold in cold growth medium (see below), and 1 ml was layered over 0.5 ml of 19% Renografin (wt/vol in medium) in a 1.5-ml centrifuge tube. After 2 min of centrifugation in a microfuge at 13 ,000 x g, the supernatant fluid was removed, and the wall of the tube was wiped clean with a sterile swab. The rickettsial pellet was resuspended in a half volume of medium, and the procedure was repeated. This was followed by an additional wash and resuspension in the desired volume of medium. Despite the obvious removal of great quantities of yolk material by this procedure, microscopic examination revealed significant residual host contamination. The recovery of infectious rickettsiae varied from 40 to 100%, as determined by the initial and final capacities of the suspensions to infect suspended chicken cells (see below).
Sera. Hyperimmune sera, prepared in rabbits by 8 to 12 injections of rickettsiae-infected mouse livers and spleens by W. T. Walsh, have been described in earlier studies (11) . Control rabbit sera were taken from the same rabbits just before the first immunization. Rabbit sera were heat inactivated (56°C for 30 min) and filter sterilized before use. Guinea pig serum (GPS) (BBL Microbiology Systems, Cockeysville, Md.), used as a source of complement, contained approximately 500 hemolytic units/ml before dilution.
For serum absorption, sera diluted 1/5 in culture medium were incubated with equal volumes of Renografin-treated rickettsiae, trypsinized chicken embryo cells (CEC), or washed, fixed Staphylococcus aureus (Pansorbin; Calbiochem; La Jolla, Calif.) for 30 min at room temperature. The sera were then separated from the cells by centrifugation (13,000 x g for 2 min) and reexposed in the same manner to second aliquots of the same absorbants. The cell-free sera were stored for less than 2 weeks at -20°C before use.
Infection of cultured cells. Rickettsial infectivity was determined by microscopic examination of their capacity to associate with target cells. CEC were trypsinized from primary monolayer cultures, washed, suspended in growth medium (Dulbecco modified Eagle medium [GIBCO, Grand Island 7 .3]), mixed with an equal volume of rickettsiae, and routinely incubated at 34°C for 60 min with frequent agitation. At the end of this period, the cells were washed by centrifugation and distributed to slide chambers (Lab-Tek Products, Naperville, Ill.), where they were allowed to settle for 3 to 5 h at 34°C. This time period was sufficient to allow attachment and some spreading of the cells on the glass surface but was not long enough to reflect significant increases in rickettsial numbers due to growth. Therefore, the 3-to 5-h incubation only permitted measurement of attachment/penetration of the organisms and not their replication. The slides then were fixed and stained with Giemsa for counting the number of organisms associated with 100 cells in each of two duplicate cultures. For 
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Effect of immune serum on infection of CEC.
The first step in the rickettsial replication cycle is entry into host cells. The means by which this is accomplished in cells other than professional phagocytes is not entirely clear, but an induced phagocytosis has been suggested (27) . Rickettsial metabolic capacity as well as target cell viability are required (7, 27) . To determine the effect of rabbit immune serum on this early stage of rickettsial infection, R. tsutsugamushi Karp was incubated in growth medium with various serum additions for 30 min at 24°C, and this mixture was then added to an equal volume of suspended CEC. The final concentrations in the infection mixture were 4 x 106 PFU/ml, 107 CEC/ml, 5% rabbit serum, 5% GPS, and 5% fetal calf serum. The mixtures were incubated at 34 or 0°C, and portions were removed at brief intervals for microscopic enumeration of CEC-associated rickettsiae.
As shown in Fig. 1A , the addition of nonimmune rabbit serum (NRS) and either fresh or heated GPS had no effect on the ability of rickettsiae to associate with CEC. In contrast, the immune serum had a marked inhibitory effect on the infectivity of the rickettsiae, as evidenced by a lower initial rate of uptake as well as a fourfold lower final level of infection. The slight apparent difference between the two groups of immune serum-treated rickettsiae was not due to the heating of the GPS, because this PFU/cell) were mixed with suspended CEC at 34°C (A) or 0°C (B) in culture medium with no additions (O), 5% NRS + 5% heated GPS (A), 5% NRS + 5% fresh GPS (0), 5% anti-Karp serum + 5% heated GPS (A), or 5% anti-Karp serum + 5% fresh GPS (0). Regression lines in (A) and (B) were calculated from the pooled data for the 0-to 60-min time period. (C) After 90 min, the infected cells were cultured at 34°C for determination of rickettsial growth capacity. (Fig. 3A) , and doses of anti-Karp which ame rate as the NRS-treated organisms were highly effective against the homologous 1C). Therefore, this experiment demon-strain did not alter Gilliam infection of CEC -d that immune rabbit serum inhibited the (Fig. 3B) (12) . This experiment clearly showed that antiserum-treated rickettsiae were as readily plasmolysed in hypertonic sucrose as were the NRS-treated controls (Fig. 4) , thus demonstrating that antibody does not grossly damage this rickettsial cytoplasmic membrane function. Figure 4 also compares NRS-and antibody-treated Karp rickettsiae when they were fixed in isosmotic sucrosephosphate glutamate. No effects of antiserum on rickettsial ultrastructure were apparent.
To assess the possibility that the rickettsial neutralization is due to clumping of the organisms, the distribution of serum-treated rickettsiae among the infected cells was analyzed. Unlike the plaque assay, in which the number of plaques counted may merely represent the number of infectious clumps present in the inoculum, our uptake assay examines the infecting capacity of individual organisms. By this method, the infection of a particular cell by more than one viable rickettsia is not counted as a single event, but rather each cell-associated rickettsia is enumerated singly. Thus, up to a certain limit, aggregation of infectious organisms should not result in a decrease in the calculated average number of rickettsiae per cell. To illustrate this, Fig. 5A presents a histogram showing the distribution of Renografin-treated rickettsiae in cells infected after 60 min of incubation at 34°C, when the rickettsiae used as the inocula were first centrifuged and resuspended with either the usual vigorous pipetting to break up any clumps (controls) or very gentle pipetting to leave clumps of organisms in the suspension. It can be seen that the distribution of control rickettsiae in infected cells is strongly shifted to the left, with only 2% of the infected cells containing more than four organisms. This pattern is typical of this level of infection (R/c, 0.57). The effect of rickettsial clumping can be seen by the altered distribution of organisms in the second infected cell culture, which was not as strongly clustered and in which 21% of the infected cells contained more than four organisms. It also should be noted that infection with the suspension of partially clumped organisms did not result in a lower average number of rickettsiae per cell (0.82 compared to 0.57) and in fact may have enhanced it. Other standard uptake experiments, using higher infecting doses, occasionally have revealed up to 23 rickettsiae in a single cell, presumably at least partially an effect of rickettsial clumping.
On the other hand, in no case was this phenomenon observed when antibody-inhibited rickettsiae were incubated with CEC. Figure 5B compares typical distributions of NRS-and antiserum-treated Karp after 60 min of incubation with CEC. With a higher infecting dose than used in the previous experiment (Fig. 5A) , the distribution of control rickettsiae was also different, the mode being two rickettsiae per cell and 35% of the cells containing four or more rickettsiae. In contrast, in the presence of 5% antiKarp serum, no cells contained more than three rickettsiae, giving no indication of clumping.
When the infection was done in 1.5% antiserum, the distribution of rickettsiae fell between that of the 5% NRS and 5% antiserum, with 13% of the cells containing more than four organisms. Again, the distribution did not reflect the occurrence of any rickettsial aggregation. As the concentration of immune serum was lowered, the rickettsial distributions became more and more similar to the controls (not shown). Therefore, the distribution patterns of antibody-treated rickettsiae among infected cells could be predicted solely on the basis of the number of infectious rickettsiae added. (18, 30, 31) . One of these studies (18) showed that a lower proportion of antibody-coated R. tsutsugamushi escaped from phagosomes, but that, because of the opsonization, a higher absolute number of organisms was found free in the cytoplasm after antibody treatment.
DISCUSSION
Complement did not augment the rickettsial neutralization observed in our studies. However, complement probably would enhance the effects of antibodies with lowered avidity by stabilizing the immune complexes formed (compare reference 1). Although complement may not appear to play a role in some in vitro assays, it may still be very important in natural infections, when antibody of lower avidity might be expected, when multiple rounds of replication occur (so that a few rickettsiae which escape the initial neutralization may still overwhelm the host), and when antibody clearing mechanisms of inhibition other than that described here may be of equal or greater importance.
Consistent with the lack of necessity for complement in our inhibition studies was our failure to detect gross alterations in reckettsial metabolic and permeability barrier functions. It seems most likely that antibody blocks rickettsial uptake not by direct killing of the organisms but by affecting the attachment/penetration process. The possibility that the neutralization of R. tsutsugamushi uptake is due solely to antibodymediated aggregation appears unlikely. We have shown that our uptake assay system detects clumps but that the parameter (R/c) measured was not reduced in the face of some degree of rickettsial aggregation. Furthermore, no indication of rickettsial clumping was seen when antibody-treated rickettsiae were mixed with host cells. It follows that if rickettsial clumps were formed in the presence of antibody, they were not infectious, and this contrasts with the infectious aggregates obtained after incomplete disruption of a rickettsial pellet. Therefore, immune serum must prevent rickettsial entry by a means either other than, or in addition to, particle aggregation.
The above findings support the view that antibody inhibits a specific event required in the attachment/penetration process. This might be via a mechansim which sterically hinders or alters the structural configuration of a critical rickettsial surface component, be it a membrane attachment site or an enzyme. Alternatively, the serum might reduce the organisms' capacity to enter cells by altering nonspecific attractions between infectious agent and target cell. These mechanisms could be invoked for antibody-agglutinated organisms as well as for individual rickettsiae. It is difficult to narrow our speculation without additional clarification of the entry process, including the apparent penetration of aggregated organisms. It is hoped that the information presented will provide a means of further studying rickettsial attachment/penetration. 
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